Lipid rafts play an important role in the life cycle of many viruses. Cholesterol is a critical structural component of lipid rafts. Although the porcine reproductive and respiratory syndrome virus (PRRSV) has restricted cell tropism for cells of the monocyte/macrophage lineage, a non-macrophage cell MARC-145 was susceptible to PRRSV because of the expression of virus receptor CD163 on the cell surface, therefore MARC-145 cells is used as model cell for PRRSV studies. In order to determine if cholesterol is involved in PRRSV infection in MARC-145 cells, we used three pharmacological agents: methyl-b cyclodextrin (MbCD), mevinolin, and filipin complex to deplete cholesterol in MARC-145. Although these agents act by different mechanisms, they all significantly inhibited PRRSV infection. The inhibition could be prevented by addition of exogenous cholesterol. Cell membrane cholesterol depletion after virus infection had no effect on PRRSV production and cholesterol depletion pre-infection did not reduce the virus attachment, suggesting cholesterol is involved in virus entry. Further results showed that cholesterol depletion did not change expression levels of the PRRSV receptor CD163 in MARC-145, had no effect on clathrin-mediated endocytosis, but disturbed lipid-raft-dependent endocytosis. Collectively, these studies suggest that cholesterol is critical for PRRSV entry, which is likely to be mediated by a lipidraft-dependent pathway.
Introduction
Lipid rafts are lipid microdomains enriched in cholesterol and sphingolipids. Cholesterol is a critical structural component of lipid rafts. Cholesterol depletion leads to disorganization of lipid raft microdomains and dissociation of bound proteins [1, 2] . Lipid rafts play important roles in many cellular processes such as signal transduction, kinase activity modulation, cell migration and axonal guidance [3] [4] [5] [6] . They are also involved in multiple stages of the virus life cycle, including viral entry and fusion, viral protein transport and targeting, and viral assembly and budding [7] [8] [9] [10] [11] .
The porcine reproductive and respiratory syndrome virus (PRRSV), an enveloped, positive-stranded RNA virus, belongs to the family Arteriviridae, order Nidovirales [12] . PRRSV has restricted cell tropism for cells of the monocyte/macrophage lineage [13] . Among non-macrophage cells, only the MA-104 cell line derived from African green monkey kidney and its replication derivative, MARC-145, were susceptible to PRRSV [14] . Therefore MARC-145 cell is the most used cell in PRRSV studies. The virus enters the target cells via receptor-mediated endocytosis, and the sialoadhesin and scavenger receptor CD163 are known as PRRSV entry mediators. However, MARC-145 cells do not express sialoadhesin [15] .
In order to study if cholesterol is involved in PRRSV infection in MARC-145 cells, we used three pharmacological agents, MbCD, mevinolin, and filipin complex to deplete cellular cholesterol. We found that intact cell membrane cholesterol was indispensable for PRRSV entry into MARC-145 cells. Further results showed that cholesterol depletion did not change the expression level of CD163 on the surface of MARC-145 cells. Our data also showed that the uptake of transferrin, a marker for clathrin-mediated endocytosis, was not affected by cholesterol depletion, while cholera toxin subunit B, a marker for the presence of lipid rafts, was no longer efficiently internalized in the presence of MbCD. These results suggested that lipid-raft-dependent endocytosis is required for PRRSV infection.
Materials and methods

Cell culture and virus strains
MARC-145 cells were cultured in Dulbecco's modified Eagle's medium (DMEM) (Gibco, USA), supplemented with 10% heatinactivated fetal bovine serum (FBS), penicillin (100 U/ml) and streptomycin (100 lg/ml). Porcine reproductive and respiratory 0006-291X/$ -see front matter Ó 2011 Elsevier Inc. All rights reserved. doi:10.1016/j.bbrc.2011.09.109 syndrome virus (PRRSV-VR2332, North America strain) was propagated in MARC-145, and the cells were grown at 37°C in a humidified incubator containing 5% CO 2 . The 50% tissue culture infectious dose (TCID 50 ) was determined by serial titration of virus in MARC-145 cells.
Cholesterol depletion and replenishment on virus infection
To study the effects of cholesterol depletion on PRRSV infection, MARC-145 cells were washed three times with phosphate-buffered saline (PBS), and then were treated with 0, 1, 2 and 3 mM MbCD for 1 h before viral adsorption or throughout infection period (À1 to 24 h). The culture supernatant was collected and viral titers were measured by TCID 50 and the cells infected with PRRSV were assayed using indirect immunofluorescent assay 24 hpi.
In order to pinpoint the stage at which cell membrane cholesterol was required for PRRSV infection, we used three different pharmacological agents to deplete cholesterol. MARC-145 cells were washed three times with PBS, and left in the absence or the presence of either serum-free DMEM containing varying concentrations of MbCD (Sigma) or filipin complex (Sigma) for 1 h, or serum-free DMEM containing varying concentrations of mevinolin (Sigma) for 48 h at 37°C. As mevinolin and filipin complex were dissolved in DMSO (MbCD was dissolved in water), the control cells were also incubated in medium with the same amount of DMSO as used for mevinolin and filipin complex. After treatment, the cells were washed three times with PBS before flow cytometry analysis or PRRSV infection.
For cholesterol replenishment, MARC-145 cells were first pretreated with 0 or 10 mM MbCD for 1 h at 37°C, and then supplemented with or without exogenous cholesterol (400 lg/ml) in DMEM and incubated for 1 h at 37°C. After extensive washing with PBS, the cells were subjected to PRRSV infection.
Cell viability assays and cholesterol quantification
Cell viability was assessed by the MTT assay. Briefly, MARC-145 cells cultured in 96-well plates were first treated with varying concentrations of cholesterol depletion agents for different times at 37°C (0, 1, 2 and 3 mM MbCD for 24 h; 0, 5, 10 and 20 mM MbCD or 0, 0.5, 1, 2 lg/ml filipin for 1 h; 0, 1, 2 and 4 lM mevinolin in serum-free DMEM for 48 h), and then 200 ll DMEM containing 20 ll MTT (5 mg/ml) was added to each well and incubated for 4 h at 37°C. The culture medium was then removed and 100 ll DMSO was added to each well, and the plate was agitated on orbital shaker for 15 min. The light absorbance to each sample was measured at 570 nm with an enzyme-linked immunosorbent assay reader (East China Vacuum Tube Manufacturer, Nanjing, China).
To quantify cellular cholesterol levels, cholesterol depletion agents treated or control cells were washed once in PBS. The cells were then resuspended in the Amplex Red reaction buffer and vortexed. The amount of cholesterol was assayed with the Amplex Red cholesterol assay kit (Molecular Probes) according to the manufacturer's instructions.
Virus titration
MARC-145 cells were seeded into 96-well plates 24 h before infection. Supernatants were diluted 10-fold serially. MARC-145 cells were infected by 100 ll/well of serial diluted supernatant in quintuplicate. Five days post-infection, the 50% tissue culture infected dose (TCID 50 ) was determined by the Reed-Muench method [16] .
Quantitative real-time PCR
Total mRNA was extracted from MARC-145 cells using Trizol RNA extract reagent (Takara Bio Inc., Japan) according to the manufacturer's instructions. Reverse transcription was carried out by using Reverse Transcriptase M-MLV (Takara Bio Inc., Japan). Quantitative real-time PCR was performed and products were detected using an ABI PRISM 7300 sequence detection system (Applied Biosystems) according to Premix Ex Taq™'s instruction (Takara Bio Inc., Japan). The data were analyzed with ABI PRISM 7300 SDS software. Each sample was run in triplicates. The relative amount of mRNA for target gene was normalized to b-Actin mRNA in the same sample. The primer sequences used are shown in Table 1 . 
Indirect immunofluorescence assay (IFA)
Flow cytometry
Detached MARC-145 cells were washed once with PBS, fixed with 4% paraformaldehyde for 15 min at room temperature, and stained with mouse anti-human CD163 protein (Abcam, USA) or mouse anti-N protein of PRRSV for 1 h at 4°C. The cells were washed with PBS and incubated with Fluorescein (FITC)-conjugated AffiniPure Goat Anti-Mouse IgG (H + L) (Boster Bio-Tech Co. Ltd., Wuhan, China) for 30 min. Unbound secondary antibody was washed away with PBS. The cells were resuspended in 200 ll PBS, and analyzed on a FACSCalibur cytometer (Becton Dickinson Immunocytometry Systems). At least 10,000 cells were analyzed for each sample.
Immunofluorescence confocal microscopy
MARC-145 cells were pretreated with 0 or 10 mM MbCD for 1 h, and then incubated in 10 lg/ml Fluorescein (FITC)-conjugated cholera toxin subunit B or 50 lg/ml transferrin in the presence of 0 or 10 mM MbCD for 30 min. After extensive washing with PBS, cells were fixed with 4% paraformaldehyde for 30 min at 37°C followed by incubating with 4 0 ,6 0 -diamidino-2-phenylindole (DAPI) for 10 min at room temperature to stain the cell nuclei. Cells were processed for immunofluorescence analysis using a confocal microscope. Table 1 The primer sequences used for real-time PCR.
Gene
Primer sequence (5 0 to 3 0 )
Statistical analysis
All statistical analyses were performed by one-way ANOVA using a SPSS 16.0 software package (version 16.0, SPSS Inc., Chicago, IL, USA). Data were expressed as the mean ± standard deviation (SD). A value of P < 0.05 was considered as statistically significant.
Results
Cholesterol depletion reduces PRRSV infection
In order to study whether cholesterol plays a role in PRRSV infection in MARC-145 cells, we first used MbCD, which is widely used to sequester cholesterol from the plasma membrane. MARC-145 cells were treated with 0, 1, 2 and 3 mM MbCD for 1 h before viral adsorption or throughout infection (À1 to 24 h). After a 24 h infection period, the culture supernatant was collected and viral titers were measured by TCID 50 , and the infected cells were assayed using IFA with monoclonal antibody against N protein of PRRSV. The viral titers ( Fig. 1A) and numbers of fluorescein-stained cells (Fig. 1B) decreased in a dose-dependent manner on the cells pretreated with increasing concentrations of MbCD. The cell toxicity of MbCD on MARC-145 cells was measured by using MTT assays. The results showed that there was no significant difference in cell viability between the untreated cells and the cells treated with MbCD at concentrations of up to 3 mM for 24 h (Fig. 1C ). The cholesterol level in MbCD-treated MARC-145 cells was determined using the Amplex Red cholesterol quantification assay. As shown in Fig. 1D , the cholesterol level in the cells decreased about 26%, 44% and 76% after treated with 1, 2 and 3 mM MbCD for 24 h, respectively, when compared to mock-treated cells.
Cholesterol depletion of MARC-145 cells inhibits PRRSV entry but has no effect on PRRSV binding
To pinpoint the stage at which cell membrane cholesterol is required for PRRSV infection, we first examined if cholesterol depletion affects PRRSV binding to the cells. MARC-145 cells were first treated with 0, 5, 10 and 20 mM MbCD for 1 h. After extensive washing with PBS, the cells were incubated on ice with PRRSV at MOI of 1.0 for 90 min. Unbound virus was washed away, and virus binding was assayed by flow cytometry and real-time PCR. As shown in Fig. 2A and 2B , the amount of bound virions and virus specific genome copy number did not decrease, which inferred cholesterol depletion has no effects on virus attachment to the cells. We observed no major cytotoxicity in MbCD-treated cells Fig. S1A ) and the cholesterol level decreased about 20%, 50.5% and 65.1% after treatment with 5, 10 and 20 mM MbCD, respectively, compared to mock-treated cells Fig. S1B ).
To examine whether cholesterol depletion affects PRRSV entry into MARC-145 cells, the cells were first pretreated with 0, 5, 10 and 20 mM MbCD for 1 h, and then incubated on ice with PRRSV at MOI of 1.0 for 90 min. The cells were shifted to 37°C after unbound virus was washed away. After 24 h, virus in the supernatant was determined by TCID 50 (Fig. 2C ) and the genome copy number of PRRSV in MARC-145 cells was detected using real-time PCR (Fig. 2D ). The data showed both viral production and genome copy numbers of PRRSV reduced in a dose-dependent manner in MbCDtreated cells. We observed a 99.8% reduction of PRRSV RNA in 20 mM MbCD-treated cells compared to that in untreated cells. The virus titers displayed significant difference in 0, 10, 20 mM MbCD-treated cells. These results suggested that cholesterol depletion inhibits PRRSV entry into MARC-145 cells.
Replenishment of envelope cholesterol restores PRRSV infection
Cholesterol replenishment experiments were performed to confirm the influence of cholesterol depletion on PRRSV infection. Briefly, MARC-145 cells were pretreated with 10 mM MbCD for 1 h, followed by addition of cholesterol to a final concentration of 400 lg/ml. The virus yield was investigated with the TCID 50 assay (Fig. 3A) and real-time PCR (Fig. 3B ). As expected, PRRSV infection was partially restored by cholesterol supplementation, with the increase in both infectious viral production and viral protein expression.
Cholesterol depletion at the post-entry stage has no effect on PRRSV production
In order to determine if cholesterol depletion affects the post-entry process in the PRRSV life cycle, MARC-145 cells were first infected with PRRSV for 6 h, and then treated with various concentrations of MbCD at 37°C for 1 h. The genome copy numbers of PRRSV and viral titers were determined by real-time PCR (Fig. S1C ) and TCID 50 (Fig. S1D) , respectively, at 18 h post-MbCD treatment (24 hpi). As shown in Fig. S1 , a similar copy number ( Fig. S1C ) and TCID 50 (Fig. S1D) for PRRSV were observed, likely supporting the notion that MbCD treatment at the post-entry stage has no inhibitory effect on virus production relative to that of untreated cells.
Chelating cholesterol with filipin complex inhibits PRRSV entry
To exclude any possible drug-specific effects of MbCD, we used another compound, filipin complex, to examine the role of cholesterol in PRRSV infection. Filipin complex is a polyene macrolide antibiotic that can insert into membranes and sequester cholesterol into complexes.
At concentrations of 2 lg/ml, filipin complex did not compromise cell viability (Fig. S2A ). PRRSV genome copies in infected cells after treatment with 2 lg/ml of filipin complex significantly reduced by 61% ( Fig. S2B) , and decreased titer of PRRSV was also observed (Fig. S2C) . Cholesterol depletion by filipin complex did not affect PRRSV binding and its post-entry process (data not shown).
Inhibition of cholesterol synthesis inhibits PRRSV entry
Mevinolin is another lipid rafts depletion drug and it inhibits the 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase enzyme responsible for the production of mevalonate, a precursor in cholesterol biosynthesis. We first treated MARC-145 with mevinolin for 48 h in serum-free medium, and the cell viability and cholesterol level were determined. Up to 4 lM, cell viability was unaffected ( Fig. S3A ) and the cholesterol level reduced to 49.5% compared to mock-treated cells (Fig. S3B ). Virus titers ( Fig. S3C ) and genome copies of PRRSV on mevinolin-treated cells (Fig. S3D) were reduced by 34-fold and 90%. However, no significant changes on virus attachment and post-entry stage were detected (data not shown).
Cholesterol depletion does not alter PRRSV receptor expression in MARC-145 cells
We next studied whether cholesterol depletion affects the expression level of CD163, we measured CD163 expression level by flow cytometry in MARC-145 cells pretreated or untreated with MbCD. As shown in Fig. S4 , CD163 expression in MARC-145 cells pretreated with 10 mM MbCD was similar to that of on mock treated cells.
Cholesterol depletion affects lipid-raft-dependent pathway in MARC-145 cells
In order to determine if cholesterol depletion resulted in the inhibition of lipid-raft-dependent endocytosis in MARC-145 cells, we assessed the effect of cholesterol depletion on cholera toxin B (CTB) uptake. CTB is internalized in a lipid-raft-dependent manner after binding to its receptor GM1 ganglioside [17] . Our results showed that CTB internalization was blocked when MARC-145 cells were treated with MbCD, indicating lipid-raft-dependent endocytosis was compromised ( Fig. 4) . Furthermore, uptake of transferrin was assessed to determine if cholesterol depletion affects clathrin-mediated endocytosis [18] . MbCD treated cells were first incubated with fluorescent-labeled transferrin, and observed by confocal microscopy 20 min later. The results showed that transferrin uptake was not affected (data not shown). These data suggested that PRRSV infection is likely to be mediated by a lipid-raft-dependent pathway.
Discussion
Increasing evidences suggest that cholesterol, a major component of lipid rafts, is involved in virus infectivity and replication [19] [20] [21] [22] . As viruses belong to diverse families, the involvement of cholesterol in virus infection may represent an important feature in their life cycle.
The present work shows the importance of cholesterol on cellular membrane in establishing PRRSV infection in MARC-145 cells. We used three pharmacological agents to deplete the cholesterol in the cell membrane. The results showed that cholesterol depletion decreased the infection in a dose-dependent manner, and replenishment of cholesterol could partially restore viral infection. When a marked effect of cholesterol depletion on PRRSV entry was observed, no influence was seen on either virus binding or at the post-entry stage. These results are similar to the findings observed on HCoV-229E, MHV and SARS-CoV, which are also members of the order Nidovirales [23] [24] [25] [26] .
CD163, a member of the scavenger receptor cysteine-rich family (SRCR), is exclusively expressed on cells of the monocyte lineage. Its expression in monocytes/macrophages is regulated by proinflammatory and antiinflammatory mediators [27] . CD163 has been shown to confer PRRSV-permissivity upon PRRSV non-susceptible cell lines, and is identified as a key molecule in PRRSV entry in MARC-145 cells [28, 29] . PRRSV entry occurs by binding to the outer cell membrane receptors followed by uptake into the cell via clathrin-dependent endocytosis [30] . Our results showed cholesterol depletion had no effect on the CD163 expression level.
Our studies on cellular uptake of transferrin, a marker for clathrin-mediated endocytosis, showed the localization of the fluorescently labeled transferrin did not significantly change in MARC-145 cells. To determine if cholesterol depletion inhibited lipidraft-dependent endocytosis, uptake of FITC-conjugated cholera toxin subunit B was analyzed. In contrast to transferrin uptake, the localization of cholera toxin subunit B shifted from a mainly punctate cytoplasmic form to a predominantly plasma membrane location after treatment of cells with MbCD or filipin compared to untreated cells. These results suggested that cholesterol depletion disturbs lipid-raft-dependent endocytosis, but has no effect on clathrin-mediated endocytosis. Thus, we suspect that cholesterol depletion influences PRRSV entry by disturbing lipid-raft-dependent pathway in MARC-145 cells.
In conclusion, our data demonstrate the essential role of cholesterol in PRRSV entry in MARC-145 cells. However, due to aberrant and unexpected expression of CD163 in the non-macrophage MARC-145 cell line, the detailed mechanisms of CD163-mediated viral infection are yet to be fully explored. Future work has to address how cholesterol facilitates PRRSV entry, which will lead to the development of effective antiviral drug therapies that interfere with CD163 localization in lipid rafts and raft-mediated entry.
